Genetic variants of cytochrome P450 2C9 (CYP2C9) and vitamin K epoxide reductase (VKORC1) are known to influence warfarin dose, but the effect of other genes has not been fully elucidated. We genotyped 183 polymorphisms in 29 candidate genes in 1496 Swedish patients starting warfarin treatment, and tested for association with response. CYP2C9*2 and *3 explained 12% (P ‫؍‬ 6.63 ؋ 10 ؊34 ) of the variation in warfarin dose, while a single VKORC1 SNP explained 30% (P ‫؍‬ 9.82 ؋ 10 ؊100 
Introduction
Warfarin is an oral anticoagulant widely used for the prevention of thrombotic events and to treat a confirmed episode of venous thrombosis. Effectiveness and safety of warfarin therapy are routinely monitored by the international normalized ratio (INR), which is the ratio of the time required for a patient's blood to coagulate relative to that of a reference sample. Although highly effective, warfarin's usability is limited by a narrow therapeutic range combined with a pronounced interindividual variability in the dose required for adequate anticoagulation. 1 Clinical use of warfarin is further complicated by a substantial risk for hemorrhagic side effects, which is increased in patients with low-dose requirements. 2 A minor part of the variability in dose requirement has been ascribed to effects of demographic and clinical factors such as age, drug interactions, concomitant diseases, and vitamin K intake, 3 while a major part is ascribed to genetic factors. 4 The first gene documented to influence warfarin dose requirement was CYP2C9. 5 It encodes the enzyme cytochrome P450 2C9 that mediates the metabolism of the enantiomer S-warfarin, which is more potent than R-warfarin. 6 CYP2C9 is situated in the CYP2C cluster, a region of high linkage disequilibrium (LD). 7 The most common CYP2C9 variant alleles in whites are *2 and *3. The clearance of S-warfarin is reduced in individuals homozygous for CYP2C9*2 (rs1799853, R144C), 5 and is still lower in those homozygous for CYP2C9*3 (rs1057910, I359L). 8 Recent studies have focused on warfarin's target of action, vitamin K epoxide reductase, 9 which is encoded by VKORC1. 10, 11 Several common noncoding VKORC1 polymorphisms have been studied, for example, rs9923231 that is located upstream of VKORC1 (Ϫ1639 GϾA) and associated with low expression, and the intronic rs2359612 (2255 CϾT). 12, 13 In different populations, CYP2C9 explains on average 12% (range, 4%-20%) of the variability in dose requirements, while VKORC1 explains 27% (range, 15%-34%). [14] [15] [16] [17] [18] [19] There is relatively little information about the effect of CYP2C9 and VKORC1 during initiation of warfarin, 20 but the risk of overanticoagulation and bleeding has been associated with CYP2C9 variants in a few studies. 2, [21] [22] [23] [24] [25] An interim analysis of the 219 first patients in the Swedish Warfarin Genetics (WARG) cohort showed that CYP2C9*2 and *3 alleles increased the risk of supratherapeutic INR (Ͼ 3) during the first week of treatment, RR ϭ 2.8 (95% CI 1.2; 6.7) and RR ϭ 6.1 (95% CI 2.7; 13.6), respectively. 26 The overall incidence of serious bleeding in the WARG cohort was 2.6 per 100 patient years (95% CI 1.7; 3.5), and the risk was increased in patients with potentially interacting medication and in males. 27 Several genes in the warfarin interactive pathways apart from CYP2C9 and VKORC1 have been tested for association with interindividual differences in warfarin dose requirement. In our independent pilot study, 201 Swedish patients were genotyped for single nucleotide polymorphisms (SNPs) in 29 candidate genes ( Figure S1 ; available on the Blood website; see the Supplemental Materials link at the top of the online article). 28 SNPs in the genes CYP2C18, CYP2C19, PROC, APOE, EPHX1, CALU, GGCX, and ORM1 were nominally associated (P Ͻ .05) with warfarin dose, and so were haplotypes of CYP2C19, PROC, GGCX, ORM1-2, PROZ, F7, F9, and NR112. 28 These genes have previously rendered inconsistent results in a number of studies that were underpowered to accurately detect genes with a modest effect. 4 In the pilot cohort, APOE *E4 (rs429358) was associated with higher warfarin dose requirements, 29 the opposite was shown in a British sample, 30 and no effect was seen in Italians. 31 A GGCX SNP (rs699664) was associated with lower dose in the Japanese, but not in the Israeli or European Americans. 16, 32, 33 In 3 studies warfarin dose increased with the number of microsatellite repeats in GGCX, [34] [35] [36] while a fourth found the opposite. 33 No firm conclusions can be drawn from these small studies.
This study aimed to produce reliable results from 29 candidate genes by genotyping functional SNPs and tagSNPs in the hitherto largest prospectively collected warfarin cohort. 27 We also tested for association with response to warfarin during initiation of warfarin, and generated a dosing algorithm for warfarin using demographic, clinical and genetic factors.
Methods

Patients
The WARG study (http://www.druggene.org/) is a prospective multicenter study of warfarin bleeding complications and predictors of response to warfarin. 37 Between 2001 and 2005, patients starting warfarin (Waran; Nycomed, Stockholm, Sweden) were collected at 40 outpatient clinics distributed throughout Sweden. The majority of these centers were specialized at anticoagulation, the remainder were primary health care centers. The patients were subject to treatment according to standard care at each center, without specific warfarin dosing algorithms. Other analyses in this patient cohort have been presented in 2 previous publications. 26, 27 Study size was calculated based on the expected number of bleeding events (see "Statistical analysis"). In total, 1523 first-time warfarin users aged 18 to 92 years were recruited. The majority were of Swedish origin, but ethnicity was not registered. Patients were recruited regardless of indication for treatment, and apart from established contraindications for warfarin, the only exclusion criteria were previous exposure to warfarin and age younger than 18 years. There were no restrictions regarding target INR, planned treatment duration or comorbidities. The study was approved by Karolinska Institutet Ethics Committee and regional ethics committees concerned; informed consent was obtained in accordance with the Declaration of Helsinki.
One hundred eighty-one previously genotyped individuals from the pilot cohort 28 were used to validate the algorithm derived from the WARG cohort. The pilot cohort was not part of the WARG cohort.
Data collection
Patients were monitored from the start of warfarin treatment until warfarin was withdrawn or until the data collection phase was terminated on August 12, 2005, whichever came first. To facilitate data collection and real-time online monitoring of the study, an internet-based data collection system was developed, as described by Lindh et al. 37 The time between visits was not standardized. Throughout the study, complete data on warfarin doses and INRs were registered by the participating centers. Data on age, sex, and indication for treatment were collected, but not on body weight and height. All concomitant medications were entered, and medications potentially interacting with warfarin were identified (Table S1 ).
Deaths and bleeding events occurring during the study period were reported. A bleeding event was assessed as serious if it fulfilled the World Health Organization (WHO) criteria for a serious adverse drug reaction, that is, if it was lethal, life-threatening, permanently disabling, or lead to hospital admission or prolongation of hospital stay. 38 The hospital study database was matched with the national hospital discharge registry to identify any overlooked cases of serious bleeding. 27 
Main outcome measures
Genotyping
Patients were genotyped retrospectively using DNA samples collected at the start of therapy. All genotyping was performed at the Wellcome Trust Sanger Institute, Hinxton, United Kingdom.
DNA was extracted from whole blood using the MagnaPure LC method (MagnaPure DNA Isolation Kit-Large Volume; Roche Diagnostics, Mannheim, Germany). An LD map of the Swedish population was constructed and tagSNPs were determined by Tagger; r 2 ϭ 0.8 of pair-wise tagging. 39 Functional polymorphisms from the literature were added. SNP assays were designed with the AssayDESIGNER v3.0.
All SNPs but 2 were genotyped with Homogeneous Mass Extend and iPLEX assays (Sequenom, Hamburg, Germany). Primer sequences are available on request. MassEXTEND PCR amplification was performed as described elsewhere. 28, 40 For iPLEX assays (multiplexed up to 29 SNPs per well), 8 ng genomic DNA in 2 L deionized water, 1 L 500 nM primer mix, 2 L PCR mix including 0.1 L QIAGEN Hotstar Taq polymerase, 0.1 L 25 mM dNTP, 0.325 L 25 mM MgSO 4 , 0.625 L QIAGEN PCR buffer, and 0.85 L deionized water were mixed. The 384-well PCR plates were heated to 94°C for 15 minutes, followed by 45 cycles of 94°C for 20 seconds, 56°C for 30 seconds, 72°C for 1 minute, and a final step at 72°C for 3 minutes. For the iPLEX mass extension, 2 L extension mix was added to the 384-well plate, which included 0.041 L iPLEX enzyme, 0.2 L 10X iPLEX buffer, 0.2 L iPLEX termination mix, 0.559 L deionized water, and 1 L primer mix of 5.5 M for low mass extension primers, and 1.1 M for extension primers with higher mass. PCR conditions were 94°C for 30 seconds, followed by 45 cycles of 94°C for 5 seconds, 52°C for 5 seconds, 80°C for 5 seconds, and a final step of 72°C for 3 minutes. Sample clean-up of Mass EXTEND/iPLEX assays and MALDI-TOF mass spectrometry analyses were performed as described elsewhere. 40 Data quality was assessed by 16 duplicates (8 DNAs) and 16 negative controls (water) per 384-well plate. SNPs with more than one discrepant call or showing self priming in the negative control were removed. Finally, we removed nonpolymorphic SNPs, SNPs with call rate below 70%, and markers that departed from the Hardy Weinberg equilibrium (HWE P Ͻ .001).
Genotyping of 2 functional CYP2C9 polymorphisms was performed using the ABI PRISM 7500 Sequence Detection System and TaqMan Pre-Developed Assay Reagent kits for Allelic Discrimination (Applied Biosystems, CA). The part numbers are 4312559 for rs1799853 (*2) and 4312560 for rs1057910 (*3).
Statistical analysis
The WARG study was powered to detect an effect of CYP2C9 variant alleles on the risk of bleeding. Assuming that bleeding occurs in 10% of all treated patients and that the prevalence of CYP2C9 variant alleles is 36%, it was calculated that 1470 patients (allowing for a dropout rate of 10%) would give the study a power of 0.8 at a significance level of 0.05 (2-sided) to detect a doubled risk of bleeding in carriers of these alleles. R version 2.5.1 (R foundation for statistical computing, Vienna, Austria) and SAS version 9.1.3 (SAS Institute, Cary, NC) were used for statistical analyses. Univariate and multivariable analyses of predictor impact on the square root of warfarin dose and time in range were calculated using linear regression analyses. To account for partial dependence among tests of SNPs in LD, we applied a Bonferroni correction for multiple testing based on the effective number of independent tests (M eff ) calculated by a spectral decomposition method. [41] [42] [43] M eff was 172 in our study and hence a P value of less than .001 was required for significance. To avoid losing power to detect true signals because of loss of data, comparisons were focused on maintenance dose rather than on stable maintenance dose.
LD was visualized using the HaploView software. 44 The QTPHASE component of UNPHASED software was used to test for association of haplotypes with warfarin dose. 45 Pair-wise LD was quantified by the standard r 2 measure. 46 The coefficient of determination, R 2 , was used to measure the proportion of explained variance. Association with time to stable INR, overanticoagulation, and bleeding were evaluated with the logrank test. Hazard ratios were estimated with Cox regression analyses. Risk of bleeding was compared with the Fisher exact test and the Pearson test. The prediction models were based on verified findings and only significant variables (P Ͻ .05) were allowed in the final model. Performance of the final prediction model was evaluated with cross validation to achieve unbiased estimates. The training data set was randomly selected as 70% of the data and the procedure was repeated 10 000 times. The median and 2.5/97.5 percentiles of the resulting distribution of the R 2 values were calculated. The final prediction model was validated in a separate cohort.
Results
Baseline characteristics
Between December 2001 and August 2005, 1542 warfarin naive patients were included at 40 centers. Sixteen patients were subsequently excluded because of failure to meet the inclusion criteria and 3 because of withdrawal of consent. In total, 1523 patients were included in the WARG study. Genotyping results were obtained from 1496 patients aged 18 to 92 years. In 1457 patients (97.4%), target INR was between 2.4 and 2.6. Fourteen patients (0.9%) had a target INR below 2.4. Thirty-four patients (2.3%) had a prosthetic heart valve, and 25 of them (1.7%) had a target above 2.6. The most common comorbidities were hypertension, diabetes, malignancy, cardiac failure, and previous stroke. Baseline characteristics of the genotyped patients are presented in Table 1 .
Warfarin was given once daily, usually in the evening. A wide variety of warfarin induction strategies were used ( Table 1 ). The most common 3 day combination was 10 mg -7.5 mg -5 mg (average 9.7 mg -7.2 mg -5.5 mg). Specifically, 48% received 10 mg the first day, 29% received 10 mg -7.5 mg the first 2 days and 13% were prescribed exactly 10 mg -7.5 mg -5 mg the first 3 days. Other first-day doses were 7.5 mg (given to 15% of the patients), 12.5 mg (13%), 15 mg (11%), 5 mg (8%) and less than 5 mg (5%). Dose adjustments were according to local routines.
INR was checked in all patients before starting warfarin, and in 14% INR was also checked the day after the first dose was given. INR was measured in 38% of the patients after 2 doses, in 52% after 3 doses, in 33% after 4 doses, in 30% after 5 doses, in 36% after 6 doses, and in 38% after 7 doses. INR was usually measured twice during the second week, weekly during weeks 3 through 5 and less frequently once stable anticoagulation dose was achieved. On average, each patient measured INR 25.6 times per treatment year, and the overall mean time between visits was 12.75 days. Most patients were monitored for at least 3 months. The median follow-up time was 6 months, and the aggregated follow-up time 1214 warfarin-exposed patient-years.
During the whole observation period 1324 patients (88%) reached stable anticoagulation defined as INR 2 to 3 over 3 consecutive visits. Their mean maintenance doses while on stable anticoagulation varied between 6.0 and 130 mg per week. Only 850 patients (57%) reached stable maintenance dose defined as stable anticoagulation and unchanged dose over 3 consecutive visits. Patients were on 100 other drugs that potentially interact with warfarin. A complete list of these drugs is presented in Table S1 .
Univariate association with warfarin dose
We successfully genotyped 183 selected functional and tagSNPs in 29 candidate genes across 1496 patients. Table S2 shows the percent of maintenance dose variance (R 2 ) explained by univariate analysis of all SNPs, and if available corresponding results from the pilot study. 28 Figure S2A ). Two nearly perfectly concordant VKORC1 SNPs, rs2359612 and rs9923231, each explained 29.8% (P ϭ 9.82 ϫ 10 Ϫ100 ) and 29.3% (1.03 ϫ 10 Ϫ97 ) of the variance in maintenance dose. In the subset of patients with stable maintenance dose, VKORC1 rs2359612 explained 33.3% (P ϭ 5.78 ϫ 10 Ϫ73 ) and rs9923231 explained 32.8% (P ϭ 3.97 ϫ 10 Ϫ72 ) of the variance. Univariate association with warfarin dose was nearly identical for rs2359612 and rs9923231, whose genotypes are almost completely concordant with each other. Henceforth VKORC1 results will focus on the possibly functional rs9923231. 12, 13 Due to the high LD, haplotypes did not explain more of the variance in dose than the individual VKORC1 polymorphisms rs2359612 or rs9923231 did.
The second most significant gene was CYP2C9 (Table 2 ; Figure  S2B ). In univariate analysis, CYP2C9*2 explained 4.1% of the variance in maintenance dose (P ϭ 1.34 ϫ 10 Ϫ12 ), while CYP2C9*3 explained 6.3% (P ϭ 1.82 ϫ 10 Ϫ19 ). The alleles *2 and *3 together explained 11.8% (P ϭ 6.63 ϫ 10 Ϫ34 ) of the variance in maintenance dose ( Table  2 ). The intronic CYP2C9 SNP rs4917639 was associated with a composite minor allele formed by aggregating *2 and *3 (r 2 ϭ 0.836), 28 and explained 11.7% of the variance (P ϭ 4.61 ϫ 10 Ϫ30 ). In the subset of patients with stable maintenance dose, *2 and *3 together explained 12.3% of the variance (P ϭ 3.67 ϫ 10 Ϫ22 ), while rs4917639 explained 12.1% (P ϭ 1.99 ϫ 10 Ϫ20 ). Haplotypes did not explain more of the variance in dose than the combination of CYP2C9 *2 and *3 did.
The CYP2C cluster genes CYP2C8 and CYP2C19 contained SNPs with association P values below the significance threshold (P Ͻ .001), but these associations were almost entirely attributed to LD with CYP2C9 (see "Multiple models of dose" and Table S2 ). Polymorphisms in CYP1A1, CYP2C18, CYP3A4, EPHX1, F10, ORM1, and PROS1 were nominally significant (P Ͻ .05), but failed correction for multiple testing. We searched for haplotypes outside VKORC1 and the CYP2C gene cluster that might influence warfarin dose, but none of the tested haplotypes exhibited association below Bonferroni M eff correction (P Ͻ .001).
Age, sex, and drugs that interact with warfarin by increasing INR were all associated with maintenance dose (Table 2) . Thirtyfour patients (2.3%) in WARG had prosthetic heart valves, but only 11 had a target INR of 3. There were too few prosthetic heart valve patients with a high target INR and stable anticoagulation to detect a significant effect of indication.
Multiple models of dose
Given the lack of evidence for additional dose prediction by other genetic variants or haplotypes, our multiple models focused on the substantial genetic prediction provided by single polymorphisms in VKORC1 and CYP2C9. Multiple regression models of each SNP together with VKORC1 rs9923231 plus CYP2C9*2 and *3 revealed one significant CYP2C SNP that gave evidence of being independent. This CYP2C19 SNP (rs3814637; P ϭ 2.2 ϫ 10 Ϫ6 ) predicted 0.7% of the variance in dose after accounting for rs9923231, *2 and *3.
A multiple regression model using the predictors VKORC1 rs9923231, CYP2C9*2 and *3, age, sex, and drug interactions explained 58.7% of the variance in warfarin dose (Table 3) . Crossvalidation in the same cohort gave a median R 2 of 58.1% (95% CI Univariate R 2 values (percentage of dose variance explained) and P values from the pilot cohort and the replication (WARG) cohort are shown. In the replication cohort, 1324 patients with a minimum of 3 consecutive therapeutic INRs are taken into account. All genotyping results are used in the pilot cohort, which is separate from the replication cohort. N represents the number of patients with data for the factor in each study. *In the replication study GGCX rs7568458 was genotyped instead of rs12714145. They are in high LD. (Figure 2 ) that show predicted dose for different genotypes, sexes, and ages in patients without interacting drugs.
Time to stable anticoagulation
Carriers of VKORC1 variant alleles reached the first INR above 2 more rapidly than others, as illustrated by Figure 3A . Anticoagulation appeared more unstable in the 8 individuals homozygous for CYP2C9*3, which is visualized in Figure 3B . However, none of the 29 genes significantly affected time to stable anticoagulation defined as the first therapeutic INR in a row of at least 3 INRs between 2 and 3. The median time to stable anticoagulation was 16 days in the 1324 patients who reached it.
Time in range
During the first 3 months, the median time in range, 2 to 3 (TIR), was 67% (average, 65%). VKORC1 rs9923231 GϾA had a nominal effect on TIR during the first 3 months (P ϭ .003, and for rs2359612 CϾT P ϭ .002). Average TIR was the highest (70%) in A/A individuals (in LD with rs2359612 T/T) and the lowest (64%) in G/G individuals (in LD with rs2359612 C/C). CYP2C9*2 and *3 also nominally affected this outcome (P ϭ .041). TIR was the lowest in *3/*3 individuals (average, 53%), and relatively high in *2/*3 heterozygotes (average 67% to 72%). After correction for multiple testing (P Ͻ .001), no candidate gene was significantly associated with TIR during the first 3 months.
The median time in range 2 to 3 during the entire treatment period was 64% (average, 61%). When the 39 patients with a target INR outside 2.4 to 2.6 were removed, the overall average TIR increased by 0.1%. VKORC1 rs9923231 was significantly associated with overall time in range (P ϭ 1.68 ϫ 10 Ϫ4 , and for rs2359612 P ϭ 1.47 ϫ 10 Ϫ4 ). As above, average TIR was the highest (65%) in A/A individuals (rs2359612 T/T) and the lowest (60%) in rs9923231 G/G individuals (rs2359612 C/C). NR1I3 SNP rs3003596 was almost significantly associated with overall TIR after correction for multiple testing (P ϭ .001). CYP2C9 was not associated with overall TIR. Overanticoagulation CYP2C9*3 was strongly associated with supra-therapeutic anticoagulation (INR peaks more than 4) during the first 5 weeks of treatment (P Ͻ 1.11 ϫ 10 Ϫ16 ). The risk was especially pronounced in CYP2C9*3 homozygotes, hazard ratio 21.84 (95% CI 9.46; 50.42, P ϭ 5.1 ϫ 10 Ϫ13 ). VKORC1 rs9923231 was also associated with INR Ͼ 4 within 5 weeks (P ϭ 6.56 ϫ 10 Ϫ12 , and for rs2359612 P ϭ 4.19 ϫ 10 Ϫ12 ). Patients carrying rs9923231 A/A had an increased risk of INR Ͼ 4 within 5 weeks, hazard ratio 4.56 (95% CI 2.85;7.30, P ϭ 2.4 ϫ 10 Ϫ10 ). Twenty-seven percent of patients with at least one CYP2C9*3 allele and VKORC1 rs9923231 A/A had an INR peak higher than 4 during the first 5 weeks of therapy (Figure 4) . In comparison, only 6% of patients with no *3 alleles and rs9923231 G/G had INR higher than 4 during the first 5 weeks.
Bleeding during warfarin treatment occurred in 146 patients (9.8%) and serious bleeding in 28 (1.9%) patients (Table 1) . There were tentative, but nonsignificant, differences between CYP2C9 genotypes in the incidence of bleeding and serious bleeding within 5 weeks (both Fisher exact test P ϭ .066). One of 8 patients (12.5%) with CYP2C9*3/*3 experienced a serious bleeding event during the first 5 weeks, compared with 0.27% of patients with other genotypes. There were no significant differences between CYP2C9 genotypes concerning the incidence of bleeding or serious bleeding when the whole observation period was taken into account (Fisher exact test P ϭ .323 and P ϭ .079, respectively). There were no differences between VKORC1 genotypes concerning the incidence of bleeding or serious bleeding within 5 weeks (both Pearson test P ϭ .639). Nor were there any differences between VKORC1 genotypes in the incidence of bleeding or serious bleeding during the whole observation period (Pearson test P ϭ .535 and P ϭ .640, respectively).
Discussion
Anticoagulant response to warfarin therapy is largely influenced by demographic, clinical, and genetic factors. 4, 47 At least 2 genes are closely associated with warfarin dose requirements: warfarin's target gene, VKORC1, and the gene of its main metabolising enzyme, CYP2C9. [12] [13] [14] [15] [16] [17] [18] [19] [20] A number of algorithms for warfarin maintenance dose prediction using these 2 genes together with demographic and clinical factors have been reported. 48 In 2007, the US Food and Drug Administration (FDA) Center for Drug Evaluation and Research updated the label of warfarin to include information on genetic testing. 47 The FDA encourages personalized dosing in patients with VKORC1 For personal use only. on July 15, 2017. by guest www.bloodjournal.org From and CYP2C9 variant alleles, and randomized clinical trials of pharmacogenetic dosing are now in progress in Europe and the United States. However, 3 important issues need to be considered before starting clinical trials of personalized warfarin therapy: (1) whether other genes influence warfarin dose, (2) the optimal dosing algorithm for warfarin maintenance dose, and (3) how to calculate loading dose from predicted maintenance dose.
The Swedish WARG study is the first comprehensive study with a sample size adequately powered to detect smaller effects among warfarin candidate genes. To preserve statistical power, analyses were made using observations of all doses during stable anticoagulation, rather than only unchanged doses over a minimum of 3 consecutive visits. A disadvantage of using all doses is that temporary dose adjustments caused by external factors such as acute illness and change in comedications are included. On the other hand, observations from many more patients can be used, making this definition more reliable. In fact, the 2 different dose definitions gave almost identical statistical results, but P values were less significant when fewer observations were used. Our findings, using both definitions of dose, underscore the importance of VKORC1 and CYP2C9 as the primary genetic factors for warfarin dose prediction. The 2 best predictors of dose, VKORC1 rs9923231 and rs2359612, were in very high LD (R 2 Ͼ 0.99) in our population. From a statistical perspective either, or possibly both, of these SNPs could be causative. According to Rieder et al, minor alleles of rs9923231 and rs2359612 are present in the low-dose haplotype A, while wild-type alleles characterize the high-dose haplotype B. 12 Separating the influence of the 2 SNPs is difficult in European populations where they are in almost complete concordance. However, their respective influence may be more readily separated in other populations (eg, African Americans) with a more diverse distribution of VKORC1 haplotypes. 12 Other significant associations we found in the CYP2C cluster were almost entirely attributed to LD with CYP2C9, since the implicated SNPs were either nonsignificant or contributed less than 1% of dose variance (CYP2C19 rs3814637) in multiple regression models that contained the *2 and *3 alleles. Several genes that showed a small effect on warfarin dose in our pilot study 28 were not replicated in the WARG cohort. This demonstrates the need of large samples to identify true associations with genetic variants having a small effect in candidate gene studies and especially in whole genome association studies of warfarin pharmacogenetics.
Contrary to most published pharmacogenetic warfarin studies, our patients were followed prospectively from the start of therapy and were drawn from a diverse and dispersed set of anticoagulation clinics that represent a broad, real-world collection of contributors. Limitations of the WARG study are that only one ethnic group is represented and that data on bodyweight and height were not collected. A multiple regression model using the predictors VKORC1, CYP2C9, age, sex, and drug interactions explained 59% of the variance in warfarin maintenance dose in the WARG patients and predicted 53% when tested in an independent sample. Both this and other available warfarin algorithms 48 rely on SNPs that increase sensitivity to warfarin and lack SNPs that cause resistance. Although rare genetic variants that cause warfarin resistance have been found, common resistance SNPs that can be incorporated into an algorithm are as yet unknown. 11 This makes current models fit poorly at high doses; however, the most important task is to discover low-dose patients to avoid early overdosing.
WARG's large sample size and prospective nature make it possible to study anticoagulation over time as a function of genotypes. In agreement with Limdi et al, 25 we did not find an association between VKORC1 and risk of bleeding, but homozygosity for VKORC1 variant alleles increased the risk of early INR peaks over 4. A prospective warfarin study by Schwarz et al comprising 297 patients reported a similar effect of common VKORC1 variant alleles on INR response. 20 CYP2C9 variant alleles are associated with difficulties in achieving stable anticoagulation and in some studies an increased risk of early bleeding. 2, [21] [22] [23] [24] [25] [26] It is also known that the CYP2C9*3 variant causes a major reduction in warfarin metabolism, 8 while the more common *2 has a minor effect. 5 In our study, homozygosity for *3 greatly increased the risk of INR peaks over 4 and tended to increase the risk of bleeding during the first month of treatment. Contrary to this, Schwarz et al claimed that CYP2C9 has a limited influence on initial variability in sensitivity to warfarin. 20 In their study, all 11 patients genotyped as CYP2C9 poor metabolizers (*2/*2, *2/*3, and *3/*3) were grouped together for statistical analysis, and the number of individuals per genotype was not revealed. The minor allele frequency for *3 was 4.8% making the expected number of *3/*3 individuals less than 1 (0.23%). By grouping a singular *3/*3 individual together with less detrimental genotypes, the effect of *3/*3 could easily be obscured. Our results do not support the Schwarz study conclusion that initial variability in the response to warfarin is more strongly associated with genetic variability in VKORC1 than with CYP2C9. 20 A wide variety of warfarin induction strategies were used in our study. In 2 small prospective clinical trials, warfarin induction using predicted warfarin dose has been compared with standard warfarin loading dose. 49, 50 In the trial by Caraco et al, the control group received a standard loading dose of 5 mg the first day. 49 The pharmacogenetic doses were adjusted according to CYP2C9 genotype. In Anderson's clinical trial, patients randomized to standard therapy got 10 mg/day the first 2 days. 50 Patients dosed according to VKORC1 and CYP2C9 received double the predicted maintenance dose. Both studies claim that pharmacogenetic dosing increased the efficiency of warfarin initiation. However, the different standard loading doses used in these studies, as well as in ours, illustrate the lack of consensus concerning warfarin induction. Furthermore, little is known about how to predict loading doses from a warfarin maintenance dose model.
The WARG study indicates that genetic forecasting would improve anticoagulant therapy and has partial answers to 3 issues that need to be discussed before clinical trials are initiated: (1) none of the other candidate genes substantially influence response to warfarin, but results from large whole genome association studies remain to be seen; (2) the Swedish WARG dose algorithm is robust, but should be adjusted for body size; and (3) "standard" warfarin induction is by no way standard, and the optimal way to predict a loading dose from a pharmacogenetic model has not been established.
In conclusion, we have shown that in a large prospective study, VKORC1 and CYP2C9 predict warfarin dose and individuals predisposed to unstable anticoagulation during initiation of therapy. We anticipate that adequately sized clinical trials of patients randomized to pharmacogenetic versus conventional dosing will demonstrate that warfarin dose prediction improves the safety and cost effectiveness of oral anticoagulant treatment. 
